Abstract The interpretation of stable isotopes in speleothems in terms of past temperature variability or precipitation rates requires a comprehensive understanding of the climatic factors and processes that influence the d
Introduction
Speleothems are calcium carbonate deposits which can be precisely dated and provide accurate information of climate change in the past, mostly throughout the routinely measured oxygen and carbon isotope records. However, the d 18 O signal of speleothem calcite is influenced by temperature and d
18 O p , mainly affected by atmospheric, soil and cave processes, making the untangling of the climate contributions to the records a challenging task. Thus, the d 18 O signal of speleothem calcite is affected by (1) the d
18
O value of the drip water feeding the stalagmite and (2) isotope fractionation processes occurring during calcite precipitation. Understanding the relationships between speleothem stable isotopes and, on one hand, in situ cave forcing mechanisms and, on the other hand, climatic processes that control fractionation of oxygen isotopes in rainfall, and later on dripwaters, is essential to properly interpret stalagmite paleoclimate records (Dansgaard 1964; Rozanski et al. 1993; Darling et al. 2006; Lachniet 2009 ). In addition, since the d
18 O signal preserved in speleothems is site-specific and complicated by numerous phase changes and possible kinetic isotope effects, studies on local and regional hydrology and climatology are required for every karstic system under investigation to confidently disentangle the paleoclimatic signal from other local influences (Caballero et al. 1996; Mattey et al. 2008; Breitenbach et al. 2010) .
Unfortunately, interpreting stalagmite d 18 O records is still one of the complex tasks in speleothem research due, in part, to the insufficiency of paleoclimate studies that include investigations of the modern climate-d 18 O on precipitation (d 18 O p ) relationship (Treble et al. 2005; Baldini et al. 2010) . The stable isotopes of hydrogen and oxygen in precipitation are an integrated product of both the history of an air mass and specific prevailing meteorological conditions (temperature, amount of precipitation) at the time of condensation (Craig 1961; Dansgaard 1964) . In fact, precipitation samples collected on the per-event basis reveal an especially strong linkage between their isotope signature and the storm's path, structure and evolution, suggesting in some cases that atmospheric circulation can be the leading cause of isotopic variability (Rozanski et al. 1993 ). In the Northern Hemisphere, the North Atlantic Oscillation (NAO) is the dominant mode of interannual atmospheric variability and a clear influence on the isotopic composition of rainfall was previously established (Baldini et al. 2008) . For the Mediterranean region, the Western Mediterranean Oscillation index (WeMOi; Martin-Vide and Lopez-Bustins 2006) has to be explored as another source of variability. Although isotopic data on precipitation have been collected since the 1960s on the framework of the International Atomic Energy Agency (http://www-naweb.iaea.org/napc/ih/index. html), the spatial coverage of the stations is still weak together with the scarcity of sites where rainfall isotopes are measured at a per-event basis. As O p but also by two more factors to be taken into account. First, processes occurring in the soil and epikarst above the cave, such as averaging meteoric water of several months or the recycling of seepage water by evapotranspiration (Wackerbarth et al. 2012) . These processes strongly depend on the type of vegetation above the cave and the constitution of the soil (Lachniet 2009 ). Second, the seasonality of meteoric precipitation may cause the d
O d values to be biased towards the d 18 O signal of the season with the highest contribution to the annual amount of meteoric precipitation (Cruz et al. 2006) . Importantly, all those considerations have an effect on the transference of the isotopic signal from the cave drip waters to the speleothems with potentially significant consequences on the paleoclimate interpretation.
The present study integrates rainfall and dripwater isotopic data from a touristic cave, Molinos cave, located in Northeastern Iberian Peninsula. The monitoring study was conducted from February 2010 to October 2012 and investigates (1) the relative influence of meteorological variables (precipitation amount and temperature), atmospheric circulation and moisture source region on event d
18 O p values and (2) the transference of the isotopic signal from the atmosphere first to dripwaters and later to calcite precipitates in the cave. The influence of large-scale atmospheric circulation patterns, such as the NAO or the WeMO indexes is evaluated together with the analysis of the three synoptic types that lead to rainfall in the study area. The lack of similar studies in the Iberian Peninsula, particularly the detailed analyses of rainfall d
O p variability at per-event basis (Delgado-Huertas et al. 1991; Araguás-Araguás and Diaz Teijeiro 2005) , and the growing number of speleothem records from that region make especially relevant the results obtained throughout this 2-year monitoring study.
Site description and climate setting
The Grutas de Cristal or Graderas Cave (Molinos, Teruel) (40°47 0 33 00 N; 0°26 0 57 00 W; 1,050 m a.s.l.) is a small touristic cave located in the eastern Iberian Ranges, an alpine intraplate orogene in Northeastern Iberia (Fig. 1a) . The cave is situated in the Maestrazgo basin linking the Iberian Ranges and the Catalonian Coastal Ranges. Geological bedrock is made of Upper Triassic-Jurasic limestones, Lower Cretaceous detrital rocks and Upper Cretaceous limestones and dolostones. These materials are affected mainly by NE-SW trending folds and thrusts and NW-SE faults. Tertiary conglomerates, sandstones and mudstones overlie the Mesozoic sequence. Particularly, the cave is excavated in limestones and dolostones Cenomanien-Turonian in age with a 40°dip to the SE (Canerot and Pignatelli 1979) (Fig. 1b) .
Landscape is dominated by high altitude remnants of planation surfaces. The final stage of planation, during Pliocene time, is accompanied by intensive karst processes leading large fields of dolines and poljes. Surprisingly, scarce endokarstic systems were developed. The subsequent Quaternary fluvial incision triggered the lowering of regional water table and the emergence of structural landforms. One of the endokarstic features in the Iberian Ranges is the Molinos cave. It is formed by two horizontal galleries (upper and lower) with a total length of 620 m including several rooms and halls. Although the speleothems are spectacular, erosive features are also observed towards the top of the cavity, likely associated to a previous phreatic phase. The study area is characterized today by a Mediterranean climate, with an annual average temperature of 12-13°C with a highly contrasted seasonality (very hot summers-averaged maximum temperatures around 30°C-and very cold winters-averaged minimum temperature around 0°C) and 500 mm of total annual precipitation, occurring mainly in spring and in fall. In Fig. 1c , monthly temperature and precipitation data from a nearby location (Gallipuén reservoir, Fig. 1b ) averaged over 5 years are plotted in an ombrothermic diagram. Rainfall is controlled by the westerly winds associated with cold fronts, mostly in winter and spring. During the summer the subtropical Azores anticyclone blocks moisture from the west. However, also during summer and at the beginning of the fall, high-intensity (highly convective) storms typically occur. Winter precipitation is influenced by the NAO index: higher rainfall occurs when NAO is low and the westerly belt is located southwards, directly influencing the Iberian Peninsula (Trigo et al. 2002) . Recent studies have shown a Pearson's coefficient of -0.4 between the NAO index and winter rainfall on the studied region (Fig. 4 in Lopez-Bustins et al. 2008) .
At present-day, soil development is scarce and the limestone thickness above the cave is around 10 m. As a consequence of the poor soil development, the high erosion rates and the intense human impact during centuries (mainly grazing activities), vegetation cover is really low in the area. The result is an open landscape dominated by heliophytic shrubs (Quercus coccifera, Thymus vulgaris, Rosmarinus officinalis, Lavandula spp., Salvia spp., Genista scorpius, etc.,) and isolated supramediterranean evergreen oaks (Quercus rotundifolia), including scarce marcescent types like Quercus faginea in humid gorges and shaded exposures.
3 Sampling and analytical methods
Rainfall control and cave monitoring
Precipitation was sampled every rainfall event during the monitoring study in the vicinity locality of Molinos (Teruel) and analyzed for isotopic composition. The events sampled over the study spanned 144 rain days, from January 2010 to October 2012. Due to logistical restrictions, we conducted event-sampling only without volume and/or time integration. Rainfall amount and temperature (maximum and minimum) were obtained at a daily basis from SAIH meteorological station (http://195.55.247.237/sai hebro/) located in Gallipuén, a nearby reservoir ( Fig. 1 ; Table 1 ).
Cave environmental monitoring has been carried out since January 2010 with continuous logging of temperature, humidity, drip rates and pCO 2 values using HOBO sensors. At a monthly basis, dripwater was manually collected at two locations in the cave (upper and lower galleries), and, weekly, using a custom designed battery powered device that autonomously collect dripwater (Electronic supplementary material). Dripwater samples were filtered and stored refrigerated at 4°C for stable isotopes analyses. In addition, seasonal dripwater samples were taken for temperature and chemical composition (pH, conductivity, alkalinity, SO 4 = , Cl -, Ca 2? , Mg 2? , Na
?
and K ? ) in order to evaluate the calcite saturation index throughout the year (Table 4) .
Several glass and limestone slabs were placed in the cave at different dripwater points that potentially could precipitate carbonate. These artificial supports were checked monthly during 3 years (2010-2012) for calcite precipitation, sampled when precipitates were observed and analyzed for stable isotopes (Table 5) .
Isotope analyses
The isotopic composition of oxygen and hydrogen in water (rainfall and dripwater), expressed as d 18 O and dD % V-SMOW, respectively, was analyzed by using a Finningan Delta Plus XL mass spectrometer at the IACT-CSIC in Granada. Water samples were equilibrated with CO 2 for the analysis of d
18 O values (Epstein and Mayeda 1953) , while the hydrogen isotopic ratios were measured on H 2 produced by the reaction of 10 lL of water with metallic zinc at 500°C, following the analytical method of Coleman et al. (1982) Daily weather types over the Iberian Peninsula were obtained using the objective weather typing system of Jenkinson and Collison (1977) based on the Lamb types.
The method requires information of the daily sea level pressure of the 16 points at 5°of resolution which comprise the Iberian Peninsula (Fig. 4 in Trigo and DaCamara 2000) . These data were provided by NCAR (National Center for Atmospheric Research), from a gridded analysis of SLP based on land station reports, covering 1899 to present for latitudes 30°N-90°N. The Jenkinson and Collison method has been successfully used for daily weather type classification in the Iberian Peninsula (Goodess and Palutikof 1998; Spellman 2000) and its complete formulation can be consulted in Trigo and DaCamara (2000) . The result is the discrimination of each day between 26 possible weather types: anticyclonic (A), cyclonic (C), eight directional weather types (N, NE, E, SE, S, SW, W and NW) and hybrid types between cyclonic or anticylonic and directional (CN, CNE, CE, CSE, CS, CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, AW and ANW). For this particular study, those 26 weather types were simplified in 10 types: anticyclonic (A), cyclonic (C) and 8 more types grouped by their directional character (N, NE, E, SE, S, SW, W and NW). An additional method to describe the origin of rainfall in our study region was based on the previous work published by Millán et al. (2005) where precipitation data were disaggregated by synoptic types, analysing surface pressure maps at 0000, 0600, 1200, and 1800 UTC, together with the 500-and 300-hPa levels at 1200 UTC. According to this work, three synoptic situations act as major rainfall inputs in the eastern region of the Iberian Peninsula: Atlantic frontal systems, Mediterranean cyclogenesis (''back-door'' cold fronts) and summer convective situations. An additional type characterized by northern winds is observed as a blocking anticyclone over Central Europe, driving dry continental winds usually without rain over the eastern Iberian Peninsula. With that analysis of rainfall disaggregation, a synoptic situation is assigned to every rainfall event at Molinos location (see Millán et al. 2005 , for more details).
Results and discussion

Precipitation d
18 O and dD data and dominant effects Event d
18 O p values are highly variable, ranging from -15.85 to ?1.39 % (mean = -6.89 %; 2r = 3.54 %; n = 144) and event dD p ranged from -114 to ?4.09 % (mean = -45.84 %; 2r = 24.81 %; n = 144) ( (Rozanski et al. 1993 ) and low Deuterium excess (d) value (Table 1) and they all correspond to summer months when evaporation during rainfall is possible (Dansgaard 1953 (Dansgaard , 1961 At Molinos location, due to the latitudinal position and other geographic factors (altitude, orography, etc.), we would expect that most precipitation is generated by frontal depressions related to western Atlantic flows. However, convective storms associated with eastern flows and cyclogenetic processes in the Mediterranean basin itself are also common mainly in summer (Celle-Jeanton and Travi 2001). Thus, the ''source effect'' would be one of the main influences in the final d
18 O p values at Molinos location. This effect is due to the different air mass histories and temperatures of the moisture sources (Craig 1961; Dansgaard 1964; Rozanski et al. 1993; Araguás-Araguás et al. 2000) . The Deuterium excess (d = dD -8*d
18 O), since it reflects the relative humidity and the air temperature of the region where the evaporation leading to rainfall occurred (Vandenschrick et al. 2002) , is an excellent indicator of the origin of the precipitation (Lachniet 2009 Fig. 2) . The LMWL obtained with Molinos rainfall samples intercepts the y-axis with a Deuterium excess value of 3.36, much lower than the 13.7 value in the Western Mediterranean Meteoric Water Line. As explained above, the presence of summer samples with very low d values (Table 1) Fig. 8 . Event 46 may have been subject to non-equilibrium effects and is labeled (see Table 1 for the complete dataset)
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On the other hand, up to 6 samples (n8 49, 57, 63, 64, 66, 67) are indicated in Fig. 2 (Fig. 3) . Surface air temperature clearly influences event d
18 O p since accelerates the Rayleigh process; this control is known as the ''temperature effect''. The seasonal cycle generally varies by a few per mil in the low latitudes up to 15 % in high latitude regions (Rozanski et al. 1993) , and may have been enhanced during past glacial periods (Denton et al. 2005 ). In our studied site, at present-day, the seasonal variation is about 10-12 % (Fig. 3) . Superimposed on the general temperature variation, there are several rainfall events that force an isotopic lightening (indicated by gray arrows in Fig. 3) . Those events occur all along the year and are, mostly, the most intense rainfall events (e.g. August 1st 2010) or those events of longer duration (several days, e.g. November 20th-23rd, 2011). Therefore, the amount of rainfall, what is called the ''amount effect'' is modulating d
18 O p values along the year. This result is not surprising since a negative relationship between d
18 O p and precipitation amount was identified in both observational and modelling studies that, although is generally associated to tropical areas (Fleitmann et al. 2003; Cruz et al. 2006; Wang et al. 2007) , is also present in Mediterranean areas (Delgado-Huertas et al. 1991; Longinelli and Selmo 2003) .
To investigate the statistical relationship between d 18 O p values and these climate variables, Spearman's rank correlation analysis was used. Prior to conduct the correlation analysis we removed the seasonal component of the variables by subtracting their monthly averages in order to avoid sympathetic seasonal correlations (e.g. Rozanski et al. 1993) (Table 2) . Single-predictor correlations reveal that event d
18 O p correlate significantly with air temperature and amount of precipitation along the year, in spite of the Spearman's rank correlation with amount of precipitation all along the year is very low (r s = -0.19; p \ 0.05; Table 2 ). As observed in Fig. 3, d 18 O p variation seems to be influenced only by the most intense or prolonged rainfall events. Analyzing these correlations at a seasonal scale, we observe that while temperature and d
18 O p correlation is focused on summer and fall, amount of precipitation correlates with d
18 O p in winter and spring when rainfall events are larger and more frequent (Table 2; Fig. 3) .
In Fig. 4 , percentages of occurrence of weather type (and percentage of total rainfall represented by each weather type) together with the d 18 O p for every rainfall event are plotted. The most common weather type associated with rainfall in Molinos during the studied time interval was cyclonic (C, in Fig. 4) . Rain events associated to C weather type exhibited the greatest d
18 O p range (-15.85 to 1.39 %). Anticyclonic weather type (A, in Fig. 4) is the following weather type also displaying high variability, with potentially convective events all along the year and with origin on different air masses. Grouping rainfall events by the origin (Eastern or ''Mediterranean'' weather types-NE-E-SE, vs. Western or ''Atlantic'' weather types-W-NW-N) reveals that both groups of weather type have a distinct isotopic pattern, suggesting the control of the synoptic patterns on the d 18 O p . Thus, rainfall events with a western origin (the Atlantic ones) have a d
18 O p narrow range (-10 to -5 %) compared to the more spread values for the eastern origin (more ''Mediterranean'' events) with -12 to -2 %. This difference can be potentially attributed to the mixing of synoptic situations that are grouped under the ''eastern'' group while all rainfall originated in the west (including N-NW-W-SW) responds to very similar synoptic situation of Atlantic fronts and thus, similar d
18
O p values. Unfortunately, for both western and eastern types, there are several particular rainfall events that display d 18 O p outside the more common ranges (e.g. rainfall events no 143, 64, etc.) not easy to accept in the presented picture. In addition, this simple classification on ''Eastern'' and ''Western'' origins leave behind the cyclonic type that is the dominant mode in terms of number of rainfall events and rainfall amount (Fig. 4) . In fact, to clearly determine if these two groups are statistically different we performed a significance test, the Kruskal-Wallis test of analyses of variance using SPSS software. Low test values and p values always above 0.05 indicate that ''Western'' and ''Eastern'' origins are not significantly different in terms of their isotopic composition (Table 3) . Another way to discriminate the different air mass trajectories behind a rainfall event is thus implemented.
An exercise of synoptic disaggregation was carried out following the procedures established on Millán et al. (2005) . Thus, three synoptic types are considered to trigger rainfall in Molinos area: precipitation caused by the entrance of Atlantic fronts (43 %), back-door cold fronts (Levanters) (21 %), and convective precipitation storms driven by the combined sea breeze and upslope winds (36 %). In Fig. 5a , the three situations are illustrated, together with the synoptic pattern characterized by the entrance of northern winds, although this last type does not cause rainfall in Iberia (Millán et al. 2005) .
Type 1 (top left panel in Fig. 5a ) is related to Atlantic depressions sending frontal systems over the Iberian Peninsula. Precipitation from these fronts occurs mainly on the windward (west) side of the Iberian Range and little or no precipitation on the coastal side of those mountains. The passage of a frontal system during the rain event is the main criterion to disaggregate the Atlantic component from the daily precipitation data. This input seems to be the least affected by local and regional mesoscale and feedback processes (Millán et al. 1997 ). On the contrary, precipitation by Mediterranean cyclogenesis (''back-door'' cold fronts, top right panel in Fig. 5a ) involves complex mesoscale convective systems causing intense rainfall in the Spanish east coast. By late summer, the European continent becomes progressively cooler, and the migration of warm-core anticyclones from the central Atlantic toward central Europe begins. Therefore, two relevant situations occur: (1) the Mediterranean Sea reaches its maximum annual temperature, and (2) the northeasterly-to-easterly flows along the southern flanks of the migrating anticyclones begin to advect increasingly colder continental air over a much warmer Mediterranean Sea. Temperature differences between the continental air (cold) and sea surface (hot) cause instability and convective activity that is associated with a vigorous moisture-recharge mechanism leading to very intense rainfall events (Millán et al. 1995) . The third category, summer convective situations (bottom left panel in Fig. 5a ), refers to orographic or convective storms. The genesis of this precipitation is related to the formation of the Iberian thermal low. By late spring and summer, the Iberian Peninsula becomes relatively isolated from travelling depressions and their frontal systems. An anticyclonic ridge of high pressure becomes established over the Cantabrian Sea while mesometeorological circulations, with marked diurnal cycles, develop over the peninsula. In particular, the thermal low develops during the day when a number of local circulations grow and merge into a self-organized circulatory system at peninsular scale. During the late afternoon, storms tend to develop following the ridges of the coastal mountain ranges and even can reach other mountains in Central Iberia where Molinos cave is located. Thus, rainfall events are attributed to this category whenever the thermal low is observed at 1200 and/or 1800 UTC on the day of the event. Additionally, the 500-hPa level is checked for the presence of cold air aloft. Interestingly, those three types, particularly the two more abundant ones, have a characteristic d 18 O p range that can be related to the origin of the air masses. Thus, rainfall deriving from the entrance of Atlantic fronts only occurs from September to April and the d 18 O p range is between -15.85 and -0.6 % (average = -7.91; r = 3.14), much more negative than convective rainfalls coming from the Mediterranean that only occur during the other half of the year (from April to September), with a d
18 O p range is between -10.74 and 1.39 % (average = -4.46; r = 2.97) (Fig. 5b, red and In addition to this ''source effect'' perfectly described by the different synoptic-scale climate patterns, large-scale changes in atmospheric circulation patterns are generally invoked to explain d
O p interannual variability (Baldini et al. 2008) . The location of Molinos cave in between Northern Spain and Mediterranean region makes rainfall at this site potentially influenced by NAO, ENSO and WeMOi modes of variability.
Large-scale atmospheric circulation patterns and their possible influences on the rainfall isotopic composition
The Iberian Peninsula receives moisture from two main sources, the tropical-subtropical Atlantic and the immediately surrounding ocean area, principally the Mediterranean Sea. Lagrangian analysis indicates that the importance of these two sources differs regionally and seasonally (Gimeno et al. 2010 ).
Typically, the Tropical-Subtropical Atlantic source is more important in winter and the local Mediterranean more important in summer. For the Mediterranean region of Iberia, local Mediterranean sources supplies roughly 1.5 times more moisture (coming in summer-fall) than are provided from the Atlantic (coming in winter). In contrast, for Northern (Cantabric) regions, moisture supplied from Atlantic (in winter) is 1.5 times larger than local moisture supplied from the Mediterranean (in summer). Winter precipitation from Atlantic sources is strongly modulated by the state of the NAO, with NAO negative states favouring stronger winter precipitation from the Atlantic regime (Trigo et al. 2002) . In more Atlantic regions such as Ireland the NAO explains 20 % of d
18
O p variance (Baldini et al. 2010) .
In contrast to the Atlantic precipitation, locally sourced and especially Mediterranean sourced precipitation, is unrelated to the NAO but shows a modest correlation with Fig. 4 the ENSO mode (Rodó et al. 1997 ). On a seasonal scale, the Nino3.4 index is directly correlated with precipitation anomalies in late summer and early fall (El Niño produces wetter conditions) and inversely correlated with precipitation anomalies in the spring (Mariotti et al. 2002) For our study location, which receives most of its precipitation in spring, we should expect a negative correlation. The fact that only three spring seasons were in our monitoring period prevents us from carrying out a significant study of the comparison of ENSO intensity (just 3 years) and the isotopic composition of rainfall. In addition to these two indexes related to large-scale atmospheric conditions, in order to explain precipitation in the western Mediterranean basin another index was developed as a regional teleconnection pattern (López-Bustins 2007) . Thus, the Western Mediterranean Oscillation index (WeMOi), based on the pressure dipole of normalized sea level pressure between Southwest Iberian (2006), was computed as the difference between the normalized sea level pressure at the 35°N, 5°W and that at the 45°N, 10°E, using daily sea level pressure grids from the NCEP-DOE Reanalysis 2 (http:// www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2. surface.html; last Accessed 15 July 2013). To normalize the daily pressure data, a mean and standard deviation for each station were calculated using all available days from 1979 to 2012, following the calculation presented by López-Bustins (2007) after evaluating nine different methods to standardise the WeMOi daily. Close agreement between the daily reanalysis-based WeMOi and the daily station-based WeMOi (López-Bustins 2007) was found with a correlation coefficient of 0.94 for 1979-2000, which supports the use of reanalysis data and allows extending the daily WeMOi to present-day. This index is able to explain the pluviometric variability in the eastern fringe of the Iberian Peninsula, an area weakly related to the NAO pattern (Trigo et al. 2004) , since it allows the detection of the variability relevant to the cyclogenesis next to the western Mediterranean (Martin-Vide and Lopez-Bustins 2006) . Negative values of the WeMOi are correlated to higher precipitation in relation to the entrance of northeasterly flows over eastern Iberia (Lopez-Bustins et al. 2008) .
Using the Spearman's rank correlation test, we explore if the two main above mentioned indexes (NAO, WeMOi) have an influence not only on the amount of precipitation but more importantly on the isotopic composition of that precipitation ( Fig. 6; Table 2 ). Therefore, to understand the NAO influence on the composition of precipitation over Molinos cave, d
O p values along the two studied years are plotted against the daily NAO index (obtained from http:// www.cpc.ncep.noaa.gov) (Fig. 6a) . As stated previously, due to the larger influence of NAO phenomenon on winter rainfall in the Iberian Peninsula respect to summer season (Trigo et al. 2002) , we would expect a positive correlation (NAO-amount of rainfall), if any, centered on winter season. In Table 2 that correlation is shown as statistically significant only for winter (r s = 0.55; p = 0.01; Table 2 ). However, regarding to the NAO-d 18 O p relationship, a clear in-phase pattern is observed for years 2011 and 2012 (Fig. 6a , note reversed y-axis in NAO index). This result means that, during certain months, the position and intensity of the high and low pressures in the Atlantic (i.e. Azores High and Icelandic Low) modulates the isotopic value of the rainfall generated. Unfortunately, this pattern is not so well observed during the previous year 2010 thus preventing any clear conclusion, as shown in Table 2 where the Spearman's rank correlation among NAOd 18 O p appears not significant along the year or for any season (Table 2 ). These observations may just indicate that NAO has not a very important effect on event d 18 O p along the year at this location and leads us to explore the effect of other indexes, such as WeMOi.
In Fig. 6b , the WeMOi is plotted together with d
O p suggesting a close similarity. Note that the axis of the WeMOi is plotted with a reversed scale, thus pointing towards an inverse correlation among that index and the isotopic composition of rainfall. Such inverse correlation can be explained by the fact that negative values of the WeMOi are correlated to the entrance of northeasterly flows (Lopez-Bustins et al. 2008) , which are characterized by more positive values of d 18 O p (Fig. 4, ' 'Eastern'' group). In Table 2 , the Spearman's rank correlation among WeMOi-d 18 O p is shown. Contrarily to the NAO index, the correlation is significant (r s = -0.19, p = 0.018) indicating a certain control of the WeMOi on the isotopic composition of rainfall, although this mechanism cannot explain by itself the observed variability in d
18 O p . This correlation is stronger in spring and summer, where the entrance of northeasterly flows is observed (''Back-door'' cold fronts in Fig. 5) .
Definitively, d 18 O p variability at this region is controlled by a combination of factors, being the source effect the most relevant since it is controlling the dominance of air masses trajectories with different isotopic ranges. That signal is modulated by temperature and precipitation amount, with special strength in summer-fall and winterspring, respectively.
Hydrological and seasonal effects on dripwater isotopic composition
Dripwater rates in Molinos cave have been compared to the amount of rainfall (using the data from Gallipuén reservoir meteorological station, 8 km farther north) ( Fig. 7 ; Electronic supplementary material). The amount of dripwater measured in the cave at a fixed location during more than 2 years clearly shows that the increase in dripwater flux occurs at two steps in the hydrological cycle. First, the rainfall that takes place in October-November, which usually is characterized by several days raining, causes a first small increase in dripwater rates. At that time in fall, the soil is quite dry after extremely warm summers and just a small fraction of precipitation percolates into the epikarst since most of it is used by the vegetation (García-Ruiz et al. 2011) . During winter, rainfall is scarce and episodic, but the low temperatures (maximum temperatures below 10°C for most of December-January-February, Fig. 7 ) prevent any evaporation and most of the rainfall infiltrates into the cave, which allows keeping a constant dripwater rate (10 mm/day). Most of rainfall at this location takes part in spring with the consequent impact on dripwater rates. After the ''spring peak'' in dripwater (above 50 mm/day, May, 2010), there is a trend towards lower values that do not recover until rainfall arrives again in fall. Thus, summer convective rainfall events, in spite of delivering large amount of water (e.g. 71 mm the 1st August-2010), do not influence dripwater rate in the cave (Fig. 7) . The most plausible explanation is related to the evaporation in the soil zone that was very intense during summer months in Molinos area, considering maximum temperatures were above 30°C during July and August. An exception to this annual pattern is the year 2012 when spring rainfall was scarce and took place with warmer temperatures than usual. As a consequence, dripwater flow rate in the cave is extremely low and do not increases as other years during spring (Fig. 7) . It is well-known that the oxygen isotope composition of dripwater (d 18 O d ) reflects seasonality of surface recharge and modification within the soil and epikarst (Lachniet 2009 (Fig. 8) . The range of variation in the isotopic composition of driwater is small (2 %) compared to the 18 % in d
18 O p variation, similarly to what has been observed in other monitoring studies (Caballero et al. 1996; Mattey et al. 2008) . This is certainly related to the signal attenuation caused by mixing in the soil zone and epikarst. Still, this strong attenuation has not completely homogenized the seasonal d 18 O d variations at Molinos, contrary to what has been observed in some other cave systems (e.g. Corchia Cave, Piccini et al. 2008) . The pattern of variation of d
18 O d in Molinos cave is very systematic throughout the study time interval and in the three dripwater sites monitored in the cave (Fig. 8) .
In addition to the different ranges of variation of d
18
O p and d
18 O d time series, they also display an asynchrony (Fig. 8) . The observed asynchrony may be caused by the transit time of the isotopic signal from the rainfall to the cave dripwaters, caused by the water residence time in the rock above the cave. The extremely thin soil (even absent) together with the small thickness (some 10-20 m) of rock above the cave suggest a rapid infiltration of rainfall waters and a rapid response in terms of drip rate. In fact, the response of the dripwater rate to rainfall amount is very rapid as shown in Fig. 7 18 O profiles. To fit the model and obtain these results a long residence time in the model was required, thus suggesting that groundwater was mixed in the epikarst for long periods (8-10 weeks) before it flows into the cave, coinciding with maxima in the amount of rainfall (e.g. 2010 and 2011 spring season). These results imply that a portion of the variability in the dripwater d
18 O time series is described by a piston flow model that needs the mixing of waters in the epikarst for a long time (we considered 50 days) with 10 days as the peak in the distribution of arrival times (see Electronic supplementary material).
It is also clear that a full explanation of the observed variability requires a much more detailed transport model, accounting not only for mixing during transit through the rock, but also evaporation in the cave, transpiration in the soil and, possibly, dew formation during winter. Understanding the present-day control of rainfall in dripwater rates and how the seasonality influences on the transference of the isotopic signal is crucial to comprehend the information obtained from speleothems in the cave. In fact, the data presented here suggest a possible bias in the season when calcite precipitates. Since dripwater rate is much higher during the beginning of spring than any other season, we may expect calcite formation biased towards that season. However, this hypothesis must be checked with experimentally-growth calcite as will be explained below. Table 5 ) and considering present-day cave temperature (12°C). The calculated water are slightly less negative that the average (Table 5) O values in dripwaters, coinciding with maximum dripwater rates (March-July). Periods with calcite precipitation in the cave are also indicated (see Table 5) correspond exactly to the dripwaters from whose calcite is precipitating. Other in-cave processes (evaporation-condensation in the artificial support, cave ventilation) may take place slightly modifying the calcite d
O values. In fact, previous studies have revealed the usual lack of coherence among calcite experimentally-growth and d
O d values pointing to the complexity of this process (Wackerbarth et al. 2010; Tremaine et al. 2011) . Our results here support the findings of other cave investigators that watercalcite fractionation factors observed in speleothem calcite are slightly higher than those measured in laboratory experiments (Mangini et al. 2005; Boch et al. 2009 ).
Although the number of samples of calcite precipitated over artificial supports is still low, these first results point to a bias in the season when calcite precipitates. Thus, from the studied calcite samples, it is observed that the season when calcite precipitates covers from November to April (Table 5 ; Fig. 8) , starting with the first increase in dripwater rate (see Fig. 7 ) and ending when usually dripwater rates are at maximum values, likely too diluted to produce calcite precipitation. Calcite is not precipitating in summer, perhaps related to the low dripwater rates reached during that season. These results need to be further supported by more analyzed calcite samples.
This monitoring study has clear implications for paleoclimate research using speleothem records from Molinos cave. Therefore, since calcite precipitates are reproducing the values of the rainfall season, and assuming that present-day situation in terms of seasonally of dripwater amount and isotopic values can be extrapolated towards the recent past (e.g. Late Holocene), the isotopic record obtained from stalagmites would be biased towards winter season, thus imprinting a ''winter character'' on the calcite stable isotopes.
Conclusions
This monitoring study carried out in NE Iberia allows describing in one hand the main processes that influence d
18 O p values and, on the other hand, how the transference of the isotopic signal takes place from the atmosphere to cave drip waters and, finally, to calcite precipitates in the cave. Although seasonal variation of temperature and amount of precipitation are influencing the d
18 O p at Molinos location, the so-called source effect appears very relevant at this region since it is controlling the dominance of air masses trajectories with different isotopic ranges: basically, Atlantic fronts with more negative d
18 O p values, Table 5 Isotopic composition of present-day calcite growth over artificial substrates at sampling location MO-3, that corresponds to dripwater site no 1 (Table 3a) Time interval with calcite precipitating
Isotopes in calcite d O p and measured range during the time interval when calcite was precipitating are indicated. Average temperature in the cave is 12°C. The calculated isotopic composition of dripwaters using equation from Kim and O'Neil (1997) indicates that calcite precipitation took place with slightly evaporated water and/or in period with less precipitation 
